The rheological properties of thermotropic liquid crystalline polymer (LCP) and its carbon fiber (CF) and carbon black (CB) filled composites in molten state were measured using a cone-plate rheometer. The measurements of the CF/LCP and CB/LCP melts were performed with carbon fiber contents of 5, 10 and 20 wt %, and carbon black contents of 1.5, 3, 5, 10 and 20 wt %. As expected, steady shear viscosity of the LCP, CF/LCP and CB/LCP melts in a low shear rate region (0.1 to 1 s -1 ) decreased with an increase of temperature and increased with rise of filler content. In shear rate region of 1 to 50 s -1 , the LCP melt showed a unique viscosity behaviour with maximum and minimum values. The CF/LCP and CB/LCP melts showed disappearance of such a unique viscosity behaviour with an increase in the CF (CB) content and an increase of temperature. CB filler had a more pronounced effect on the disappearance of the unique viscosity behaviour in comparison with CF. Regarding apparent yield stress, the CF/LCP melts gave the same value as pure LCP, the CB/LCP melts showed an increase of yield with a rise of the filler content. In addition, the first normal stress difference of the LCP and CF/LCP melts are smaller than yield stress values, although the rate of increase with shear rate is higher in case of normal stress difference than in case of yield. The results of the dynamic shear oscillatory flow measurements of CF and CB based compounds at 300˚C showed that both, the storage and loss moduli are more affected by carbon black filler. Complex viscosity values of the LCP and CF/LCP melts showed no such unique complex flow pattern as observed in the case of steady shear viscosity.
where r F represents density of filler, r M is density of polymer matrix, and r C is density of compound. In addition, the volume fractions of CF or CB fillers in the compounds (F V ) were determined according to the relation: (2) It should be noted that (F W ) was determined as the average of measurements made on three 
INTRODUCTION
The marked development of electronic and automotive industries brings the strong demand for an improvement of performance and function of polymeric materials. Consequently, great attempts have been made to mix or disperse fillers (both fibres and particles) into various types of resins -from general purpose to high performance -in order to improve their performance and function. Among the polymers that have recently drawn special attention as materials exhibiting high performance belong thermotropic liquid crystalline polymers -LCP [1] . These polymers are characterised by highly oriented chains, after even slight shear force is applied in molten state. When the polymer is allowed to cool in such a state, it will be solidified with its molecular orientation remaining unchanged, providing it with a self-reinforcing effect [2] . For this reason, the LCP polymers tend to show strong anisotropy. When filled with glass fibers or another inorganic material, the liquid crystalline polymer is not subject to skin separation with its molecular orientation weakened [3] , causing an anisotropy to be reduced with a resultant drop in its impact strength [4, 5] . This behaviour of the liquid crystalline polymer is different from thermoplastics.
Many reports deal with polyethylene, polycarbonate and other general polymers with fibers or other inorganic materials [6 -16] , relatively few of them concern on the fluidity of molten liquid crystalline polymers filled with fibres or other inorganic materials [17 -20] . These filled polymers are normally moulded by injection or extrusion, i.e. they are subjected to complex flows in the dies. When a mixture of polymer and filler is melted, the particles are dispersed in a molten system forming complex structures, leading into peculiar rheological properties.
The viscosity of molten fiber-filled LCP tends to undergo the influence of temperature, fiber content and aspect ratio, which represents the ratio of the length of fiber to its diameter [21 -22] . Such molten polymers show non-Newtonian behaviour, more marked with an increase in fiber content, as their viscosity decreases with an increase of the rate of shear [23] . The experiments presented in this paper were conducted on thermotropic liquid crystalline polymer filled with carbon fiber and carbon black in molten state with the aim of measuring the steady-state specimens. The compounding of LCP with CF and CB, respectively, was carried out using a specially developed compounding machine called "elastic extruder" [26] , in which weighted amounts of LCP in a pellet form and the filler were compounded at 300 °C before being extruded as strands and transformed into filled pellets. These pellets were once more homogenised in the extruder in order to improve the dispersion of the filler in the polymer. Then, extruded compounds were transformed into pellets and compression moulded under 50 MPa at 300˚C into plates, which were cut into discs for rheological measurements.
RHEOLOGICAL MEASUREMENTS
The steady-state shear flow properties in low shear rate region and dynamic functions were measured using a rotational viscometer [26] (cone-plate type, RGM 152-SD, Nippon Rheology Kiki Co., Ltd.). The cone radius, R, was 2.15 cm, the gap between the plate and the center area of the cone, H, was kept at 175 mm, and cone angle, q, was 4°. The measurements were carried out under nitrogen atmosphere at temperatures of 280, 290, 300 and 310˚C. Shear stress, t 12 , the first normal stress difference, N 1 , and shear viscosity, h, as functions of shear rate, g · , in a steady shear flow, as well as the dynamic functions, h', G' and G" at different angular frequencies, w, (from 10 -2 to 10 s -1 ) with 50% of strain amplitude (oscillatory angle ±2°) were determined.
RESULTS AND DISCUSSION

STEADY SHEAR FLOW PROPERTIES
The relationship between LCP steady shear viscosity, h, and shear rate, g · , at different temperatures is presented in Fig. 1 . As evident, the viscosity strongly depends on the shear rate in a wide range: the former decreases as the latter increases. Generally, the viscosity of flexible chain polymers does not show such a strong dependence on the shear rate as observed in the case of LCP aromatic polyester investigated [5 -7] .
In the low shear rate region (I), between shear rates from 10 -1 to 1 s -1 , all curves show g · in proportion to h. In the next region (II), where g · is 1 to 10 s -1 , h begins to decrease with increasing g · until it reaches a minimum before increasing again for the LCP flow curves at the temperatures of 290, 300 and 310˚C. The minimum and maximum values of h both tend to shift towards the higher g · at rising temperatures. In the case of flow curve obtained for the lowest temperature studied (280˚C) the opposite trend is observed: the flow changes from dilatant to pseudoplastic in the region II, showing viscosity maximum at about 2 s -1 . In the shear rate region (III), all h versus g · curves show the same pseudoplastic behaviour as in region (I). Such complex viscosity behavior of LCP was described by Cogswell et al. [27] and explained by the destruction of domain structure with time, followed by the enhancement of flow orientation with consequent high-order structure formation [28] .
The rheological properties of carbon fibre (CF) filled LCP are influenced by the filler content and temperature in an even more complex way. As can be seen in Fig. 2 , for two different temperatures, three concentrations of CF were measured: CF5, CF10 and CF20 and compared with pure LCP. The resulting curves must be evaluated separately for lower (g · < 1 s -1 ) and higher (g · > 1 s -1 ) shear rate regions. In the lower g · region, viscosity does not show a monotonous rise with an increase in CF content: samples CF5 and CF10 have viscosity overlapping or even lower than unfilled LCP. This effect is more pronounced at lower temperature (290˚C). Similar behaviour was recorded by Lakdawala and Salovey [29] for 5 and 10 vol. % of carbon black in PS at shear rates above 1 s -1 , or recently reported by Hausnerova et al. [30] for hard-metal carbide particles in polyethylene based matrix. However, the cause of CF20 viscosity is higher than that of pure LCP, which is in agreement with the general observations for filled polymers. In the higher g · region (above 1 s -1 ), the flow behaviour is more complicated, but very similar to that described for unfilled LCP in Fig. 1 , with minimum and maximum values of viscosity for different shear rates. In this region viscosity of CF20 reached values lower than for CF4 and CF10, which are already higher than pure LCP.
The influence of the other type of filler, carbon black (CB), on viscosity of LCP is presented in Fig. 3 . At 290˚C (Fig. 3a ) five filler contents were tested. CB1.5 and CB3 systems show flow curves very similar to that of unfilled LCP, almost overlapping each other in the lower g · region. Further, these flow curves are flat in the region of g · from 1 to 4 s -1 (CB1.5) and from 1 to 2 s -1 (CB3), respectively, and then again showing the minimum/ maximum behavior described above. In contrast, CB5 system shows a different pattern: viscosity decreases monotonously with an increase in g · , even in the higher shear rate region. Systems with higher content of CB (CB10 and CB20) behave still in a different way. In principle, viscosity decreases with rising g · , but the curves show some irregularities; the decrease is not monotonous, although they do not possess the unique viscosity pattern as observed for unfilled and low filled LCP. This suggests that the concentrations of 5% and above have the effect of depriving such a behavior. This is considered to be attributable to the increased amount of CB particles as domains, which are stable under higher g · and do not allow LCP to affect the flow so evidently. Fig. 3b presents similar measurements for the temperature of 310˚C. For the CB compounds measured here, h decreases with rising g · rather monotonously, and the systems show strong non-Newtonian behavior, but not as specific viscosity pattern as pure LCP.
Not only the filler content but also the shape of particles influences the flow behavior of filled system. This is proved in Fig. 4 , which compares LCP at a.) 290˚C, and b. ) 310˚C. viscosities of systems with the same/similar contents of the two types of fillers used in the study (CB and CF) at the temperature of 300˚C (the shapes of the curves are very similar to those obtained at 310/290˚C with the change in behavior at about 1 s -1 ). For the higher content of the filler (20%) it is obvious that the effect of CB on the melt viscosity of LCP is much higher (almost two orders of magnitude) than that of CF. The viscosity curve of CF20 crosses and even goes under that of viscosity of pure LCP at shear rate about 1 s -1 . For the lower-filled compounds (CF5 and CB3) similar effect is observed at about g · = 5 s -1 . Below this shear rate CB3 viscosity is higher (even if the filler content is lower), while above this value CF5 viscosity is higher, the same as for pure LCP.
In order to determine yield stress of the systems, viscosity, h, was plotted against shear stress, t 12 , (Fig. 5) . With reference to Fig. 4 , showing that the curve of CF5 system is almost in agreement with that of LCP, Figs. 5a,b suggest that the apparent yield stress of pure LCP and CF/LCP compounds is approximately 30 Pa. The viscosity curve of CF20 system in Fig. 4 is non-linear in the low shear rate region, and therefore does not give a clear yield stress in Fig. 5b . The same comparison was made for the other filler, carbon black. In this case, Fig. 5c shows that CB5 system has an apparent yield stress of approximately 100 Pa. The apparent yield stresses of the CB10 and CB20 systems are difficult to judge clearly from this figure. Therefore, in order to determine the apparent yield stress of investigated compounds, the Casson model [31] was applied, expressed by the following equation:
In this equation, P C indicates the Casson yield value, and h C is the Casson viscosity. Fig. 6 gives Casson plots of CF20 and CB20 systems, showing the relationship between the shear viscosity, h C , of the filler/LCP systems. Casson yield value, P C for each system was determined from the intersection of corresponding straight line with yaxis. The value of P C for CB20 is 563 Pa, and for CF20 (pure LCP) is 23 Pa, respectively. This confirms that the effect of carbon fibers on flow behavior is smaller than that of carbon black in the system. A more complex relationship between the systems quantities discussed above is shown in Fig. 7 . Viscosity and yield stress are plotted here in dependence of the filler volume fraction, f V , and shear rate. For CF-filled systems, steady flow viscosity does not depend on the volume fraction, even at shear rates varying from 10 to 100 times. In contrast, the CB systems show a strong dependence of h on f V at a relatively low shear rates (0.12, 1.2 s -1 ); viscosity increases with rising volume fraction. However, for g · = 12 s -1 , the behavior is different: h decreases with rising f V , the same as for the systems filled with CF. Another interesting result of the research can be seen in the dependence of yield stress, t 12 , on CB content. More specifically, when the CB volume fraction rises from 7% to 16% (approximately twice), the yield stress increases from 40 Pa to 800 Pa (twenty times). Fig. 8 compare the relationship between shear stress/first normal stress difference and shear rate for unfilled LCP and CF/LCP systems at different temperatures. The pure polymer, as presented in Fig. 8a , shows an increase both in t 12 and N 1 with rising shear rate/falling temperature. The rate of increase in N 1 is larger than in the case of t 12 , although the latter is always larger than the former over the whole shear rate range covered by the experiments. This can be caused by the progressive orientation of liquid crystals in the direction of their flow at increasing g · , with resultant destruction of the liquid crystalline systems, preventing N 1 from increasing. Similarly, carbon fiber (CF20) filled system, as presented in Fig. 8b, shows t 12 constantly larger than N 1 in the overall shear rate region over which the measurement was made. This is considered to be attributable to more predominant occurrence of 2-D orientation of liquid crystals and CF dispersed in the polymer than in the case of pure LCP, preventing N 1 from increasing even in the higher shear rate region.
DYNAMIC FLOW PROPERTIES
Besides steady state flow properties discussed above also dynamic flow properties were studied. Figs. 9a,b shows viscoelastic properties of unfilled and CF filled LCP obtained by oscillatory flow measurements at 300˚C. Both G' and G" have the same trend: they become larger with an increase in w, and tend to increase with an increase of the filler content. As apparent from the figure, the storage modulus, G', of the unfilled system is slightly smaller than its loss modulus, G", over the entire angular frequency, w. The same is valid for CF5 and CF10, but for CF20 only in the frequency region below 0.05 s -1 and above 1 s -1 . In addition, the G' curve of CF20 system is markedly different from N 1 curve at 300°C (Fig. 8b) . Further, the curves of the filled systems do not show a tendency to converge, even with an increase in w. The moduli curves of CF20 system show an interesting feature: they are twist- ed, so that they cross each other at the frequencies of about 0.05 and 1 s -1 .
The same relationship (storage/loss moduli versus angular frequency) was studied for systems filled with carbon black (Figs. 10a,b) . The general trend of the curves is increased moduli with rising angular frequency and content of the filler as in case of carbon fiber (Figs. 9a,b) . However, some more specific features can be observed in the graph. The comparison of G' and G" reveals that the former tends to be constantly smaller than the latter in the low frequency region, irrespective of the CB content. More specifically, for CB0.5 system G' is not markedly different from G", while for the higher contents of the filler, storage modulus differs from loss modulus quite significantly (the lower angular frequency -the bigger difference). With rising w both curves become closer. The point where they overlap is different for various filler contents; the tendency is higher the higher the filler content, the higher the angular frequency of the moment of overlapping. All the G' and G" curves of the CB/LCP systems in Figs.10a, b tend to converge with an increase in w.
The comparison of the influence of both the fillers in the systems shows that CB has a larger effect on increasing G' and G" than CF. For example, moduli of CB20 at w = 1 s -1 are both approximately 100 times as large as those of CF20. Similarly, G' and G" of CB10 and CB5 systems are approximately 10 times and 3 times as large as those of CF10 and CF5 systems. The large difference between both types of filled systems may be caused by the following reasons: in CF-filled system, the length of the fibers shortens with an increase in the fiber content (see Tab.1), and in CB-filled system, a marked structural change even under the oscillatory flow takes place.
Steady state and dynamic flow properties of the pure LCP and CF20 systems are compared in Fig. 11 , although their respective data are based on the measurements made under different flow patterns. Shear viscosity, h, and complex viscosity, |h*|, curves of the unfilled LCP coincide relatively well with each other in the low shear rate/angular frequency region. At higher rates/frequencies, however, LCP shows a unique viscosity pattern of dilatancy as described earlier, with maximum and minimum values, preventing both curves from coinciding with each other. This is considered to be attributable to the oscillatory flow of the polymer under a relatively small strain amplitude, which is insufficient to cause such a destruction of its domain structure as described earlier. It should be noted that the CF/LCP system, like fiber-filled general-purpose polymer melts, shows a large discrepancy between h and |h*| in the whole shear rate region of the measurement.
CONCLUSION
The flow behavior, both steady-state and dynamic, of LCP and its compounds with carbon fiber (CF) and carbon black (CB) was measured on a cone-plate rheometer and the results lead to the following conclusions: I The steady shear viscosity of pure LCP and its compounds (as in the case of aliphatic polymers) shows an increase with decreased temperature and with filler (CB or CF) content in the low shear rate region. Both the systems show marked non-Newtonian flow behavior at 290 to 310˚C in a shear rate region less than 1 s -1 . On the other hand, the filled system with a higher CB content less influences the h versus g · dependence at 290˚C and less affects the dependence at 300 to 310˚C. I The LCP system shows a unique viscosity pattern in which h has minimum and maximum values in the shear rate region of 1 to 50 s -1 . 
